An analytical method for the determination of N-nitrosodimethylamine (N-NDMA) in environmental aqueous samples has been developed using isotope dilution gas chromatography/mass spectrometry in the selected ion monitoring mode (GC/MS-SIM). After deuterated N-nitrosodimethylamine (d 6 -N-NDMA) as surrogate standard was added to the samples, the analytes were extracted with methylene chloride, dried with anhydrous sodium sulfate, and concentrated in a rotary evaporator. The concentrated extracts were analyzed by GC/MS-SIM after adding N-nitrosodiethylamine as an internal standard. The method detection limit for N-NDMA was 0.003 pg/mL and was validated by an analysis of a fortified water sample. The method was applied to real samples.
R ecently, it has been reported that N-nitrosodimethylamine (N-NDMA) is a suspected carcinogen and very toxic (1, 2) . Many N-nitroso-compounds are used as solvents in fiber and plastic industries, as antioxidants in fuel, insect repellants, insecticides, fungicides, and lubricating oils (3) (4) (5) . These compounds are discharged into the environment by human activities such as fertilizer industries, sewage output, and animal feedlots where nitrogen related-compounds are used (6, 7) . N-NDMA is very soluble and volatile and therefore it can reach into our aquatic environment. N-NDMA has been detected at ppb levels in surfacewaters, seawaters, and soils (8, 9) .
There are a number of studies on N-nitrosamines (including N-NDMA) content in food (10, 11) , alcoholic beverages (12, 13) , and finished rubber products (14, 15) . Most of these analytical methods have predominantly used a gas chromatography-thermal energy analyzer (GC-TEA). Very seldom was gas chromatography/mass spectrometry (GC/MS) used for identification only, determining N-nitrosamines, including N-NDMA, at levels of 0.5 to 10 ng/g in a variety of matrixes. The GC-TEA system has not been used to determine N-NDMA in environmental aqueous samples at low levels.
However, a method is needed to quantitatively detect N-NDMA at ppt levels in water samples. A bench-top GC/MS system is adequate to produce similar informations.
Our goal was to develop a comprehensive analytical method for the identification and quantitation of N-NDMA in environmental aqueous samples. Isotope dilution has been used extensively for quantitative analysis in biological samples (16, 17) . In this method, a deuterated analog of target analyte is directly added to the samples to serve as surrogate standard. An advantage of this method is that any loss of the analyte during the sample extraction, solvent concentration, and GC can be corrected relative to the surrogate standard recovery because the analyte and its labeled analog exhibit the same effects.
We present a rapid, sensitive, and specific analytical method, which includes sample preparation, identification, and quantitation of N-NDMA in environmental aqueous samples using isotope dilution GC/MS in the selected ion monitoring (SIM) mode. (g) Surrogate standard.-Deuterated N-nitrosodimethylamine (d 6 -N-NDMA, purity 98%) was purchased from Cambridge Isotope Laboratories (Woburn, MA). Two surrogate standard solutions containing 10 mg/mL each were prepared separately by dissolving accurately weighed 100 mg in 10 mL methylene chloride and methanol in volumetric flasks. The methanol solution was used as surrogate spike standard in samples.
Experimental

Chemicals and Standards
(h) Internal standard solution.-Stock solution of N-nitrosodiethylamine (N-NDEA) at a concentration of 100 µg/mL in methylene chloride was purchased with certification from Absolute Standards, Inc.
All standard solutions were further diluted with methylene chloride and/or methanol to desired concentrations.
Sample Preparation
A known volume of sample was filtered and collected in a 1 L separatory funnel. A measured amount of deuterated N-NDMA solution in methanol as surrogate was added and mixed with the sample by shaking. The pH of the sample was checked with pH paper and adjusted to 12 with a 50% solution of NaOH in water. NaCl (14 g/L) was added to the sample and shaken to ensure the salt was dissolved. The sample was then extracted 3× with 40 mL aliquots of methylene chloride by shaking. The extract was dried, concentrated, and transferred into a culture tube fitted with a teflon-lined screw cap. The final sample extract volume of 2 or 4 mL (depending on color of extracts) was measured accurately with a Hamilton syringe.
The internal standard at known concentration was added to each extract and analyzed by GC/MS-SIM.
Preparation of Spiked Test Sample
A spike composite test sample containing N-NDMA and d 6 -N-NDMA in 800 mL deionzed water was prepared separately at a concentration of 0.10 pg/µL each for the determination of method detection limit (MDL). The sample was extracted with methylene chloride in a manner similar to that described above and the extract was concentrated to a volume of 4 mL. The extract contained 20 pg/µL equivalent of each compound. The internal standard at a concentration of 500 pg/µL was added to each extract and analyzed by GC/MS-SIM.
Preparation of Environmental Samples
A number of aqueous industrial effluent samples were collected by our clients and sent to our laboratory for the identification and quantitation of N-NDMA. A 500 mL portion of each sample was filtered, spiked with surrogate standard, d 6 -NDMA, at a concentration of 0.20 pg/µL, and extracted with methylene chloride in a manner similar to that given ear- lier. The extract was concentrated to a 2 mL volume containing 50 pg/µL surrogate, d 6 -NDMA. A 1 µL aliquot extract containing internal standard at a concentration of 500 pg/µL was analyzed by GC/MS-SIM.
GC/MS System
Analyses were performed using an HP 6890 series GC coupled with an HP 5973 MSD and HP 7683 series autosampler (Agilent Technologies, Inc., Wilmington, DE). The capillary column was an HP-5MS, 30 m × 0.25 mm id, 0.50 µm film thickness.
(a) GC conditions.-Helium was used as the carrier gas with a flow velocity of 30 cm/s and measured at 40°C. The injector temperature was maintained at 250°C. In split mode operation, a split ratio of 20:1 was used for sample injection of a 1 µL volume at initial oven temperature of 35°C. The split ratio was found adequate to separate the N-NDMA and labeled analog. They were not separated when the sample was injected in the splitless mode. The oven temperature was programed with an initial temperature of 35°C for 3 min, increased at 5°C/min to 100°C, held for 5 min, then increased at 15°C/min to 280°C. All 3 compounds were eluted before the column temperature reached 100°C. The second temperature program was used to remove unwanted compounds from the column.
(b) MS conditions.-The MS quad-temperature was held at 150°C; MS source temperature was maintained at 230°C; electron energy was 70 eV, and the vacuum system was connected to a turbo-molecular pump. The calibration standards were analyzed first using GC/MS in the fullscan mode, then MS was setup for SIM mode. In SIM mode, the following characteristic ions were used for each compound: Figure 1 shows the total ion chromatogram (TIC) for 800 mL of a water sample spiked with 0.20 pg/µL N-NDMA, its labeled analog, and the internal standard, N-NDEA. The major peaks were well separated as predicted under experimental conditions given above. There were no interferences with other organics presented either in solvents or in samples. The peak in the chromatogram at 7.40 min was so low that it could not be identified in fullscan mode even with the help of a National Institute of Standards and Technology (NIST) library search. The fragment ions for the peak were m/z = 59, 44, 43, 42, 41. Figures 2A and B show electron ionization mass spectra of d 6 -N-NDMA and N-NDMA, respectively. The selected characteristic ion pairs (shown with asterisks) for analyte and its deuterated analog were monitored using GC/MS-SIM. They were used for quantitation and confirmation of N-NDMA in water samples. The primary ion ratio of the analyte (m/z = 74) to the surrogate standard (m/z = 80) was used for quantitation. The ion ratio of the primary ion (m/z = 74) to the secondary ion (m/z = 42; obtained from ion abundances after backgound correction) of the same analyte was used to confirm the presence/absence of N-NDMA in the aqueous samples.
Results and Discussion
Mass Spectra and Criteria of Compound Identification
The quality control of the analysis was achieved by (1) monitoring surrogate recovery in each sample (the average percent recoveries were 100 ± 15), and (2) monitoring the internal standard response (peak area of primary ion, m/z = 102) for each sample and standard chromatogram. The responses were found within 15%.
Quantitative Analysis
Calibration standard solutions containing N-NDMA at concentrations of 20, 50, 100, 200, 400, and 600 pg/µL were prepared volumetrically from the stock solutions in methylene chloride. Each level of calibration standard contained surrogate, d 6 -N-NDMA, and internal standard, N-NDEA, at concentrations of 200 and 500 pg/µL, respectively. These calibration standards were analyzed by GC/MS-SIM. The linear response range for compound was established by plotting the ratio of the primary ion (m/z = 74) peak area of the analyte to that of surrogate primary ion (m/z = 80) versus the concentration of N-NDMA (pg/µL) injected on the GC column. Figure 3 shows the calibration curve for N-NDMA using d 6 -N-NDMA as the isotopic diluent and shows linear relationship from 20 to 600 pg/µL. The relative response factor (RRF) for N-NDMA versus d 6 -NDMA was determined from the calibration data sets during a 10-week analysis period. The average RRF value was 0.96 ± 0.10 providing relative standard deviation (RSD) values of 10.4%, n = 25. The accuracy and precision of the method was determined for each spiked laboratory water at a concentration of 1.0 pg/µL from the recovery of N-NDMA concentration. The values were 10 to 20% depending upon the concentration of N-NDMA found after sample analysis.
Regression lines that fit the calibration curve were used for automatic quantitative analysis of MDL of N-NDMA as well as in the analysis of real samples. The concentration of the analyte in the extract was determined from the calibration curve. The final concentration of analyte in the sample was computed using the volumes of the original sample and the final extract.
Method Detection Limit
The MDL for the analysis was determined using the guidelines established and given in refs. 18 and 19. Accordingly, the MDL for N-NDMA was calculated by analyzing eight 1 µL aliquots of above spiked test sample. The concentrations of analytes were determined using the 6-level calibration curve. The MDL value was calculated using Student's t-value appropriate to 99% confidence level and a standard deviation estimated. Three times of standard deviation provided MDL of N-NDMA. Mean measured concentrations observed ranged from 97 to 110% of the true value. The MDL value and the actual concentrations used are given in Table 1 . The MDL value was validated by analyzing an 800 mL composite water sample containing N-NDMA and d 6 -N-NDMA at concentrations of 0.003 and 0.025 pg/µL, respectively. The fortified sample was extracted with methylene chloride according to the extraction procedure described earlier. The extract was concentrated to a volume of 0.50 mL and contained 5.0 and 40 pg/µL equivalent of N-NDMA and d 6 -N-NDMA, respectively. A calibration standard solution at similar concentrations was prepared volumetrically by diluting above stock solutions. The internal standard at a concentration of 80 pg/µL was added to these 2 solutions and analyzed by GC/MS-SIM. The precision of the determinations was assessed by injections of 8 replicates and expressed as the RSD. The typical range of RSD values was 6-10%. Validation data and the actual concentrations used are given in Table 2 .
Analysis of Real Environmental Samples
We have been using the proposed method in our laboratory for the identification and quantitation of N-NDMA in real aqueous samples. These samples were extracted with methylene chloride in a similar manner as described above. The extracts were analyzed by GC/MS-SIM. Figure 4 shows a typical TIC obtained for a 500 mL real sample after extraction with methylene chloride. Figure 4D shows the electron ionization mass spectra of N-NDMA found in a real sample. Figures 4A 1 and 4B 1 show an expanded plot of A and B data, respectively. The target peak identification was performed by comparing the retention time of the standard chromatogram and ion ratios given above. A 1.12 pg/µL concentration of N-NDMA was found in the real sample and the surrogate recovery was 90%. The other peaks in the chromatogram could not be assigned to any compounds because the TIC was obtained in SIM mode. Table 3 shows the consistency between analyte, N-NDMA ion ratios, and surrogate standard, d 6 -N-NDMA, ion ratios in standards and samples, confirming the presence of the target analyte in the environmental real samples. This method provides values within 15% of those expected, with good reproducibility.
Conclusions
The work presented here provided sample preparation, identification, and quantitative analysis of N-NDMA in aqueous samples. N-NDMA and its labeled analog were separated by 6.0 ± 0.5 s in TIC, indicating that the 2 peaks were well resolved. The characteristic ion ratio limits given in Table 3 could be used for the presence/absence of N-NDMA in any aqueous sample. The surrogate recoveries in the real samples showed that the analyte loss during the sample extraction, solvent concentration, and analysis was not singificant. Isotope-dilution GC/MS with electron-impact ionization in SIM mode acquisition generates chromatograms that help to determine and confirm the presence of N-NDMA in real samples.
